The accessibil1ity of immobilized DNA has been shown to depend more crucially on the method of immobilization than on the type of support used for fixation. When sonicated denatured DNA is coupled via diazotization or via cyanogen bromide reaction to solid Sephadex G-25 ancTCellex 410 or to macroporous Sephacryl S-500 and Sepharose C1-6B its accessibility varies from 100 to 24 percent. Generally the loss of accessibility is linked to a depression of the melting temperature of DNA helices formed on the support. This correlation shows a characteristic course for a particular coupling method. DNA coupled under denaturing conditions may become totally inaccessible when only 3 percent of its bases are involved in the covalent linkage.
INTRODUCTION
The preceding paper showed that macroporous supports such as Sepharose Cl-6B and C1-2B or Sephacryl S-500 and S-1000 are suitable materials for immobilization of sonicated denatured DNA (1) . If the coupling procedure is performed via cyanogen bromide (2, 3) or diazotization (4, 5) , more than 0.5 mg of DNA can be covalently coupled to 1g of wet Sephacryl and Sepharose Cl.During preincubation at 45°C or 70°C about 20-40* of the initially bound DNA is rapidly lost. The remaining DNA is more stably fixed, as is documented by a leakage rate of about It per day during further incubation at 45°C in 2.4 M tetraethylammonium chloride, pH 7.9.
Since ]% mismatch of DNA-DNA base pairing correlates to a Tm difference of 1°C (6) , a minimum of 1-3 percent of the bases could be calculated to be involved in the covalent linkage between DNA and the different supports. However, the fixation of DNA via longer spacers like 1.4-butanediol digly-gnations BrCN1, BrCN2, DBM and OPTE in connection with a particular material refer to a specific coupling method (cyanogen bromide or diazotization) used for immobilization in a particular example. Solutions of tetraethylammonium chloride (TEAC1) were prepared according to the procedure described previously (1). Column device for heterogeneous hybridization experiments: A small temperature controlled glass column (0.5 x 15 cm), equipped with two adjustable adaptors, was partially filled with a suspension of a solid or macroporous support with coupled DNA in aqueous 2.4 M TEAC1 solution. The particles were allowed to settle and were washed with 2.4 M TEAC1 at 45°C before a DNA solution in the same medium was poured into the column. At a desired volume of the supernatant solution the column was closed and the DNA solution was cycled through the column by a Varioperpex pump (LKB) at a flow rate of 10 ml/h. The concentration of DNA in the circulating solution was measured and recorded using a flow cell of 1 cm path length (Helima), a PM2 DL photometer (Zeiss) and a Tarkan 600 recorder (WTW). Denaturation of the circulating DNA was achieved by raising the column temperature to 70°C and/or by passing the DNA through a heating loop. This device was constructed from thin teflon tubing which was wound around the housing of a small lamp, with one end forming a loop at the top of the column. When the lamp was switched on, the circulating DNA solution was heated to about 80 c C by passing the loop immediately before entering the column. Heterogeneous hybridization reactions were started by lowering the column temperature to 45°C within 10 seconds. Reactions in the homogeneous system were started similarly, and in addition, the heating loop was switched off. For the homogeneous hybridization experiments, the column did not contain any support. By variation of experimental parameters, the column device could be used easily for saturation hybridization experiments and for the evaluation of Tm-curves of the hybrids formed with immobilized DNA. Standard conditions for kinetic measurements: The kinetic measurements utilized the general procedure above, but with strictly controlled volumes. The column was filled with the support to a height of 5.1 cm (settled without pressure with the normal pumping rate of 10 ml/h). The volume of the supernatant solution was kept as small as possible, normally at about 50 ul; the volume inside tubing and cuvette amounted to 450 ul. Thus the total volume of the solution not in contact with the material inside the column was 500 ul while the settled material amounted to 1 ml Accessibility of immobilized DNA Ideally the accessibility of immobilized DNA fragments should be measured by saturation hybridization with DNA fragments cf the same size, with repetitive and overlapping sequences being absent. Fragments generated by restriction enzymes would fit these criteria well, but would be a rather expensive way to do such experiments. Therefore sonicated DNA was analyzed for its usefulness in these investigations. The main question involved the presence of overlapping fragments: would it be possible to saturate immobilized sonicated DNAby the sane DNA in the mobile phase or would the hybridization reaction proceed without limit, due to network formation between immobilized and mobile DNA ? From a couple of hybridization experiments, which were performed within the column device described in Material and Methods, the DNA binding capacity of different DNA supports was shown to be clearly limited in the case of sonicated DNA ( Table 1 : Compilation of data for the characterization of different classes of materials containing covalently fixed DNA. Accessibilities (%) were calculated by saturation hybridization as detailed in the text. Mismatch (ATm) specifies the deviation of the melting temperature of an immobilized DNA hybrid with respect to its homologue formed in solution under otherwise identical reaction conditions. Yields of coupling and max. amounts of coupled DNA per g wet material refer to coupling reactions performed under standard conditions specified in the preceding paper (1) . In one example (S-500/DPTE 5x) the concentration of the activating reagent was increased five times.
denatured DNA in the mobile phase, definite saturation levels could be obtained, which seldom exceeded 105 -110% of the amount of covalently fixed DNA. The time course of saturation hybridization reactions was followed regularly by recording the change of UV-absorbance of the circulating DNA solLrtion. A reaction was stopped when no further decrease of absorbance was observed within several hours. Since all materials tested caused a slight permanent and DNA-independent increase of absorbance in the range of 230 -300 nmduring the course of an experiment, saturation experiments normally were stopped when the rate of hybridization was below 10% of the initial rate. But even those experiments which were extended beyond this time limit did not give results substantially different to those of the standard procedure, described in detail in Materials and Methods.
Therefore, we assume that the accessibilities listed in column 1 of Table 1 C C should be equivalent with total inaccessibility for both chemicals. Thus, the substitution of more than S-500 S-500 This assumption is supported by the results obtained for cyanogen bromide activated materials, where the critical ATm value beyond which the DNA becomes inaccessible, seems to be 2.9°C. This value is obtained regularly with BrCN2 activation which keeps the DNA denatured during the whole coupling process. In contrast BrCN1 coupling takes place in potassium phosphate buffer which allows partial renaturation of DNA as well as base stacking within single stranded molecules. Clearly, the higher yield of the coupling process under BrCN2 conditions occurs in conjunction with an undesirable high number of base substitutions and reduced accessibility. The cyanogen bromid mediated fixation process preferentially attacks the nucleophilic amino groups of the bases preventing them from hydrogen bonding and base stacking necessary for helix formation (7). Therefore, 2.9 percent may indeed reflect the maximum number of base modifications tolerable for hybrid formation of immobilized DNA molecules. Since such a low mismatch would never prevent hybrid formation in homogeneous solution, additional sterical reasons seem to be responsible for this dramatic difference.
Helix formation of immobilized DNA can take place only in those cases where the points of fixation are arranged in appropriate distances to each other. Denatured DNA molecules in a denaturing coupling medium form more or less random coils and are fixed as those. With an increase in linkages between a polynucleotide strand and the supporting material, the chance for the formation of unfavourably spaced points of attachment with respect to the helix structure, to be formed in the course of hybridization later on, increases dramatically. Longer spacers like DBM or especially DPTE seem to improve the spatial requirements for helix formation gradually as can be seen from the different slopes, representing the percentage of accessibility per degree of ATm, in Figure 1 . In comparison to BrCN2, both substances are helpful for an improvement of hydrogen bonding and helix formation at single attachment points documented by the smaller limiting ATm-values. Otherwise they are not sufficiently extended for an efficient compensation of the sterical restrictions caused by unfavourably spaced fixation points. They become inaccessible due to an apparent degree of substitution of only 2 percent.
In contrast to the examples of BrCN2, DBM and DPTE discussed above, the phenomenon of inaccessible DNA has never been observed with irrmobil ization by BrCNI. About fifty coupling reactions with different materials have been performed in potassium phosphate buffer at room temperature (3). The accessibility was always about 100 percent, regardless of whether the actual ATm value was 0.5 or 1.4°C (Figure 1) . Therefore, the coupling medium nust prevent somehow the formation of linkages unfavourable for the helix formation in the course of hybridization. If the single strands are kept in a partially ordered, elongated conformation in potassium phosphate buffer very similar to the structure within the double helix, the positions of substituted bases would not conflict with the requirements for helix formation. Otherwise coupling reactions are less effective, since fewer bases are in a favourable position for coupling. Characteristically, appreciable amounts of hydrogen bonded DNA can be eluted byNaOH during the washing steps after completion of the coupling reaction (3).
The data in Table 1 are limited to materials prepared under the standard conditions described previously (1). These standard conditions were optimized only with respect to maximum yields of stably bound DNA. Due to the limited accessibility of this DNA, some of the materials cannot be recommended for hybridization experiments. G-25/DBM and S-500/BrCN2 are poor materials due to extreme ATm-values and low accessibil ity. S-500/DPTE is unsatisfactory if activation is done with five times more 1.4-butanediol diglycidyl ether than recommonded in the standard procedure (5x in table 1). The best accessibilities were obtained with the macroporous S-500 regardless whether DBM, DPTE, or BrCNI were used for coupling.
Nevertheless, before macroporous rather than solid materials could be used with confidence for hybridization experiments, kinetic measurements were necessary to clarify the influence of the porous structure on the rate of hybridization. Kinetics of heterogeneous hybridization reactions Throughout this work the designation 'hybridization' will be used for renaturation reactions between immobilized and mobile DNA to indicate that the immobilized DNA is modified by the immobilization process in such a way that complete 'renaturation' can not take place. The rate of hybridization between immobilized and mobile DNA (heterogeneous hybridization) was measured by circulating denatured sonicated DNA through a temperature controlled small column filled with the DNA support as described in detail in Materials and Methods. All kinetic experiments were performed in 2.4 M TEAC1 at 45°C, where the renaturation rate is maximal and independent of the base compo-sition of DNA (8, 9) . The genetic complexity of E.coli DNA, used throughout the experiments, guaranteed that the rate of the homogeneous renaturation reaction within the mobile phase could not affect the rate of the heterogeneous reaction to be investigated in a particular experiment. Since E.coli DNA is essentially free of repetitive elements, the interpretation of kinetic measurements was facilitated appreciably. The experiments were performed with sonicated DNA of 0.3 -0.5 Md (1).
Originally, the DNA was broken to this fragment size to obtain complete physical separation of DNA species of different complexities necessary for fractionation experiments with various genomes of Drosophila species. Thereafter, this fragment size was maintained because the DNA fragments were shown by permeation chromatography to penetrate macroporous materials easly. Furthermore this DNA could serve as a size standard for the similar sized mRNAs used in hybrid selection experiments with macroporous materials (1).
For facilitation of the evaluation of the kinetic experiments performed upon heterogeneous hybridization reactions essentially two types of experiments were investigated. In the first sort, the immobilized DNA was in a 5-10 fold excess to the DNA in the mobile phase. In the second type of experiments, immobilized and mobile DNA were present in equimolar amounts. Imnobilized DNA in excess to mobile DNA: Figure 2 shows the results of an experiment which is exemplary for a series or similar experiments in which the time course was measured for the heterogeneous hybridization reaction between sonicated denatured E.coli DNA and an excess of the same DNA immobilized by BrCNI to Sepharose C1-6B.
The tine course of the disappearence of DNA from the mobile phase due to the progress of the renaturation reaction on the support clearly follows first order kinetics as long as immobilized DNA is in 5 -10 fold molar ex-0.2 - time [h] cess to the DNA in the mobile phase (Figure 3 ). Under these conditions the rate of renaturation is governed predominantly by the concentration of the irranobilized DNA as can be seen from the different slopes corresponding to different concentrations of immobilized DNA. Halving the DNA concentration in the mobile phase at unchanged concentration of immobilized DNA does not affect the kinetics of the reaction.
These conclusions apply only with a single type of support and a single type of coupling reaction (e.g. Cl-6B/BrCN1). In contrast, differing renaturation rates were obtained (Figure 4 ) when different materials with comparable amounts of immobilized DNA were tested under standard conditions (see Materials and Methods). For reasons discussed above one would assume that the remarkable different accessibilities of immobilized DNA on various materials effect these kinetic differences. Since all results in Figure 4 were normalized for 100% accessibility, additional factors must be responsible for the observed differences. The homogeneous renaturation reaction was followed when denatured DNA was allowed to renature during its circulation through the column filled to a certain volume with DNA solution.
The analogous heterogeneous reaction could be monitored similarly by substituting one half of the circulating DNA by the same amount of DNA immobilized to a solid or macroporous support. The competing renaturation of the homogeneous type of reaction within the mobile phase was prevented by passing the circulating solution through a denaturation loop at the entrance of the column.
The best correlation of both types of experiments was obtained under standard conditions when the support with immobilized DNA filled the column to the same level as the DNA solution during the homogeneous type of reaction before. a2_Homogeneous reaction:
In order to verify the reliability of the column device for comparative kinetic measurements on solid and macroporous materials, the first experiment was designed to determine the second order rate constant kg for the homogeneous type of renaturation of sonicated denatured E.coli DNA in 2.4 M TEAC1 at 45°C. Chang et al. (8) found for T4 DNA and a fragment size of 0.3 Md under otherwise identical reaction conditions K2 = 2.49~^sec~1-The renaturation experiment with circulating DNA through the column gave k2 = 1-49 M~1sec~1. Since the molecular weights of the DNA were similar in both experiments the reduced rate constant in the column experiment most likely originated from the fact that an average of about one third of the circulating DNA was outside the 45°C column as shown in Materials and Methods. Therefore one third of the DNA renatured at room temperature with a rate constant about two orders of magnitude lower (8) , causing a substantial part of the observed deviation of Kg from the published value. The otherwise good correspondence between both values seemed to justify comparative measurements for the heterogeneous type of reaction.
bjHeterogeneous reaction:
Before a particular kinetic experiment was started, the accessibility of the immobilized DNA was determined under saturation conditions as described above. Excess of mobile DNA was eluted at 45°C before the circulation was closed.-Thus both reactants, mobile and immobile DNA, were present in equimolar reactive amounts when the hybridization reaction was started.-Then the temperature of the column was raised to 70°C to effect complete melting of the hybridized DNA on the support. This temperature was maintained until uniform concentration of DNA in the mobile phase was reached by the circulation process as monitored by continuous recording of the UV absorbance of the circulating solution. Thereafter heterogeneous hybridization was started by lowering the column temperature to 45°C within 10 seconds.
The evaluation of the time course of this type of heterogeneous hybridization could be performed according to second order kinetics analogous to the time [h] corresponding homogeneous reaction, as shown by the straight lines in Fig. 5 . This regularity is not necessarily expected since one partner of the renaturation reaction possesses no or only reduced mobility at the most, unlike the situation for homogeneous reactions where both reactants are mobile. But otherwise this fact enabled a direct comparison of the rate constants of both types of reactions. For this reason the second order rate constants k? were calculated for different materials from plots ( Figure 5 ) and normalized to the dimensions of the standard column specified under Materials and Methods. Normally only minor corrections were necessary since the volume of the solution in a particular experiment did not deviate appreciably from standard conditions. Nevertheless, a perfect simulation of the homogeneous type of reaction was again not possible, due to the fact that about one third of DNA was outside the column and therefore not in permanent contact with the immobilized DNA. Since the total amounts of mobile and accessible immobilized DNA were equimolar, the real concentration of the mobile DNA in contact with immobilized DNA was only two thirds of that in the homogeneous type of reaction. The other-wise normalized second order rate constants, summarized in Figure 6 , were not corrected for this systematic deviation and are therefore designated as apparent constants kt. The apparent rate constant for heterogeneous hybridization reactions varies from 0.05 to 0.25 M" 1 sec" 1 . Its average value is about one order of magnitude lower than k2 = 1-.49 M"^sec"1 measured for the corresponding homogeneous reaction above.
Surprisingly the rate of heterogeneous hybridization of sonicated DNA is remarkably insensitive to the type of material and the method used for immobilization of DNA: the macroporous Sepharose Cl-6B/BrCN1 behaves similar- ly to the solid Cellex/DBM. The one exception is that the macroporous Sephacryl S-500/BrCN1 seems to be superior to the macroporous Sepharose CV6B/BrCN1, most likely due to its larger pores. Furthermore coupling by cyanogen bromide enables faster renaturation reactions than the diazo-mediated fixation process for the same type of material, e.g. Cl-6B/BrCN1 vs. C1-6B/DPTE or S-500/ BrCNI vs. S-500/DBM. This phenomenon can be explained in two different ways: 1. Cyanogen bromide creates positively charged groups on the material (2) which effect a preconcentration of DNA on the surface of the support which is responsible for the enhanced rate of hybridization. 2. Since coupling by cyanogen bromide normally was performed under reaction conditions which did not exclude partial renaturation (Brf.N1), the coupling process fixed the single stranded DNA in a manner favourable for helix formation during hybridization. The first interpretation seems to be more likely because DNA fixed by BrCN2 to C1-6B renatured with the same enhanced rate as DNA coupled by BrCNI to the same support ( Figure 6 ). The kt value for Sephadex G-25/BrCN1 may be explained by the coincidence of preconcentration effect and good accessibility. Nevertheless the extremely small concentration of coupled DNA in this case did not allow measurements exact anough for final conclusions.
Another interesting observation is the dependency of the apparent rate 
